Abstract. Experiments and calculations were performed to study the dependence of the nonlinear dust oscillatory motion on electron temperature and gas pressure in direct current plasmas. The frequency spectra of the dust particle oscillations induced by an excitation wire were measured in different discharge conditions. At higher electron temperature in accordance with the higher cathode voltage, the nonlinear phenomena of the oscillation spectra became more prominent. The amplitude of the subharmonic resonance peak was large and the frequency shift of the primary resonance peak was observed to be more significant in the case of high electron temperature. The force profile near the particle trap position was calculated in order to understand the dependence of the oscillation spectra on the electron temperature and the electron density. The electron temperature dependence of the particle oscillation was well explained from the calculated force profile. In addition, it was experimentally shown that the amplitudes of both the subharmonic resonance and the primary resonance became large as the pressure was decreased, which was consistent with the calculation.
. A schematic diagram of the experimental arrangement. A He-Ne laser was prepared for particle observation and the dust dispenser was used for injecting SiO 2 particles into the argon plasma. An excitation wire connected to a function generator was used to drive particle oscillation in the direction perpendicular to the cathode surface.
An experiment on the gas pressure dependence was also performed, and the result was in good agreement with the numerical calculations given in [7] .
In section 2, the experimental set-up for measuring the dust oscillation spectra is described. The modeling method for the plasma sheath and the particle charge calculation is demonstrated in section 3. In the following sections, the measurement results of the oscillation spectra and the plasma parameters are described and discussed.
Experimental set-up
Experiments were conducted using a direct current (dc) plasma source as shown in figure 1. The plasma was produced between a circular anode and a cathode of 16 cm diameter, which were separated vertically by 11 cm. The chosen experimental parameters were a dc voltage range of −(280-350) V and a pressure range of 140-250 mTorr argon gas. A dust dispenser was used to inject mono-disperse 1.5 µm radius SiO 2 particles into the argon plasma. To confine the injected particles inside a narrow region, a copper ring of 4.8 cm outer diameter and 3.7 cm inner diameter was placed on the cathode. The injected particles were trapped at about 10 mm above the cathode surface.
Measurements of the trapped dust oscillation amplitude were performed by forward and backward frequency sweep of the alternating current (ac) voltage with 1 Hz step frequency on the excitation wire. To visualize the oscillation trajectories, a 632.8 nm He-Ne laser was used, and the image of the trapped particles was recorded using a set of zoom lenses, a charge-coupled device (CCD) camera and a video capture board. A Langmuir probe with 0.5 mm radius and 7 mm length was used for measuring electron temperature and density under various discharge 4 conditions in the absence of trapped dust particles. The probe signal was measured at the center of the electrode and 30 mm above the lower electrode (10 mm above the particle trap position). The electron temperature and density were obtained from the probe signal by using the BRL (Bernstein-Rabinowitz-Laframboise) theory, in which the electron distribution was assumed to be Maxwellian [8] .
The excitation wire made of a 0.25 mm radius tungsten wire was located above the cathode and connected to a function generator for providing an ac voltage (1-10 V), which induced the forced oscillation of the trapped particles. In order to apply nearly the same force to the particles in various discharge conditions, the position of the wire located above the cathode was varied as the particle trap position varied, i.e. the wire position was maintained to be about 5 mm below the particle trap position, which was inside the sheath. To check the effect of the wire voltage on the particle, the particle movement was monitored when the wire voltage was slowly varied. As the positive voltage was applied to the wire, the particle moved toward the wire and vice versa.
Plasma-sheath model, charging and exerted forces
In order to model the dust oscillatory motion, calculation of the forces exerted on a dust particle was performed with a proper plasma sheath model. The plasma sheath modeling was done by solving a set of equations expressed as [9] - [11] 
where n i , u i , n 0 and u B are ion density and speed in the sheath, ion density and Bohm speed at the sheath boundary, respectively, and z is the vertical coordinate with respect to the bottom electrode surface. Also, m i , λ i , φ, n e , T e and k denote ion mass, ion mean free path, electrostatic potential, electron density, electron temperature and Boltzmann constant, respectively. Equations (1)- (4) were calculated following the procedure in [7] . The dust particle charge was calculated by considering the electron current and the ion current flowing into the particle. The electron and the ion current are the collision frequency times the charge of each species, respectively. The collision frequency of the electron and the ion ν e and ν i are given as [10] ν e = πr 2 n e 8kT e πm e exp eQ 4πε 0 r kT e ,
where Q, r and T i are dust charge, dust radius and ion temperature, respectively. Because the dust particle is charged until these two frequencies are balanced, the particle charge is obtained by setting these equations equal.
Using the potential and the charge calculated from equations (1)- (6), the electrostatic force acting upon each particle was obtained, and the ion drag force was calculated by following equation (7) of [7] written as
where
t λ D and λ D is the Debye length, respectively.
Taking the oscillation driving force due to the excitation wire into account, the total force exerted on a particle is expressed as
where η is the drag coefficient of the neutral drag force, and F ion , F elec and F g are the ion drag force, the electrostatic force, and gravity, respectively, and F wire = F 0 cos(2π f t) is the force due to the voltage applied to the excitation wire at the driving frequency f . The thermophoretic force was not considered because the gradient of the gas temperature was negligible in our experimental conditions. In this work, the measured oscillation spectra showed both the primary and the subharmonic resonance peaks, and moreover the amplitude of the subharmonic resonance appeared to be as high as that of the primary resonance. From the fact that the amplitude of the subharmonic resonance is comparable to or even larger than that of the primary resonance in the presence of the electron density modulation, we consider that the excitation wire not only directly forces the particle but also induces the electron density modulation [1, 2, 7] . Therefore, F ion , F elec and F g depend not only on the particle position z, but also on the modulated electron density (n e ) mod , which varies with V wire .
Here, the excitation force F wire is dependent on the particle position z and the wire voltage V wire . Following equation (6) of [12] , F wire is given as
where d is the distance from the wire to the upper electrode, r w is the wire radius, h denotes the distance between the wire and the equilibrium position of the particle z 0 and z ≡ z − z 0 .
Results and discussions
The oscillation spectra were measured at various cathode voltages and gas pressures to find the dependence on electron temperature, density and pressure. The voltage on the cathode for generating the dc plasmas was considered to be a variable while the pressure remained fixed at 184 mTorr. Several nonlinear phenomena were observed in the oscillation spectra. appear at V cath = 300 V and V wire = 10 V (solid curve), and the peak became more prominent at V cath 330 V. The subharmonic peak also appeared at V wire = 5 V (dashed curve) at higher V cath ( 330 V). However, it did not show up at too low V wire . Secondly, as V wire was raised from 1 to 10 V, the primary resonance frequency ω 0 shifted toward the lower frequency at V cath 300 V. For example, ω 0 was 37 Hz at V wire = 1 V but it was 27 Hz at V wire = 10 V, in the V cath = 320 V discharge case. Thirdly, ω 0 was up-shifted at low V wire (V wire = 1 V, dash dot curve) at V cath = 290-300 V. In the V cath = 290 V case, ω 0 was about 27 Hz, but it was about 37 Hz with V cath 300 V at V wire = 1 V.
In particular, the reason for the noticeable changes at V cath = 290-300 V might be the dependence of the particle oscillations on plasma parameters. As shown in figure 3(a) , the electron temperature T e measured in the cathode voltage range increased significantly from 1.55 eV at 290 V to 2.20 eV at 300 V. However, the change in the electron density n e was not as significant as T e , as depicted in figure 3(b) . Therefore, the abrupt change in the oscillation spectra is thought to be due to the large change in the electron temperature. The abrupt change of T e at V cath = 290-300 V is considered to be due to the variation of the secondary electron emission coefficient γ . The secondary electron emission from the cathode surface is a function of V cath , and the relation between γ and V cath is nonlinear [13] . Following figure 8 of [13] , V cath at which γ increases corresponds to 290-300 V under our experimental conditions. Moreover, the temperature of the secondary electron emission is about 1-5 eV [14] , so the enhanced emission of secondary electrons results in the variation of T e in V cath = 290-300 V. The discharge current was also increased from 2.9 mA at V cath = 290 V to 3.45 mA at V cath = 300 V. Because the change in n e was not significant, the discharge current increase was also caused by the T e increase.
Although the particle oscillations were induced by the driving force provided by the ac voltage on the excitation wire, the particle motions were also affected by the internal force F int (= F ion + F elec + F g ) near the trapped region of the particles. Since the F int profile, F int (z) may be changed by variation of the plasma parameters, it was calculated numerically at various V cath , by using equations (1)-(6). The measured n e and T e at each V cath were used as input parameters in the calculations. If we take the parametric resonance into consideration, the electron density would be modulated by the excitation wire. To investigate the effect of this density modulation, F int (z) was calculated with various electron densities (n e ) mod = 0.6n e , 0.8n e , n e , 1.2n e and 1.4n e ,
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where n e is the measured electron density at each V cath . Because the experimental conditions in this paper were nearly the same as those in [7] , it was assumed that (n e ) mod = 0.6n e corresponded to the maximum V wire (V wire = +10 V) and (n e ) mod = 1.4n e corresponded to the minimum V wire (V wire = −10 V), using the results from [7] . Figure 4 shows the calculated F int (z) at V cath = 280-350 V. The direction of the net force is toward the equilibrium position, z 0 . The five curves in each plot correspond to the five different (n e ) mod . The three black dots in each plot represent the forces at z (= z − z 0 ) = + 0.7, 0 and − 0.7 mm, respectively, where + 0.7 and − 0.7 mm correspond approximately to the maximum and the minimum of the particle displacement z in our experimental condition. The force at z = +0.7 mm is the force on the curve of the (n e ) mod = 0.6n e case and the force at z = − 0.7 mm is the force on the curve of the (n e ) mod = 1.4n e case, because the particle is located closest to the wire ( z = − 0.7 mm) at V wire = +10 V ((n e ) mod = 0.6n e ), and the particle is located farthest from the wire ( z = + 0.7 mm) at V wire = −10 V(n e ) mod = 1.4n e ).
As shown in figure 4 , F int (z) changed abruptly at V cath = 290-300 V. In other words, at z = −0.7 mm, a particle experiences 2.8 × 10 −12 N at 290 V, but 5.9 × 10 −12 N at 300 V. However, F int at z = +0.7 mm does not change much at V cath = 280-350 V, and it has small values less than 2.0 × 10 −12 N. The abrupt change of F int near z = −0.7 mm makes the subharmonic resonance peak (2 ω 0 ) appear at V cath 300 V because of the asymmetry of F int (z). This change of F int (z) is believed to be related to the T e increase from 1.55 eV at 290 V to 2.20 eV at 300 V.
In addition to the F int profile, the profile of the external force, F ext = F wire was calculated from equation (9) at V cath = 290 and 300 V. The particle charge Q was obtained by equations (1)- (6) at each V cath . Here, z = − 0.7 mm corresponds to the maximum V wire (V wire = +10 V) and the z = +0.7 mm corresponds to the minimum V wire (V wire = −10 V). Figure 5 shows F ext as a function of z. The force profiles are asymmetric with respect to z = 0 mm, and the asymmetry becomes large as the particle position z is close to the wire, i.e. as z becomes more negative. The linear portion of F ext , lin(F ext ), was subtracted from F ext , and F ext (≡ F ext − lin(F ext )) was calculated. Since the linear portion of F ext contributes only to the primary resonance, F ext is the portion of F ext affecting the nonlinear resonance in the particle oscillation. At z = −0.7 mm, F ext ∼ = −2.0 × 10 −12 N at 290 V and F ext ∼ = −2.7 × 10 −12 N at 300 V, respectively. To understand the effect of F ext on the total force profile, it is necessary to compare the values of F ext with the values of F int . At z = −0.7 mm, F int is 2.8 × 10 −12 N at 290 V and 5.9 × 10 −12 N at 300 V, respectively. However, if F ext is included in the total force profile (F tot ≡ F int + F ext ), F tot at z = −0.7 mm become 0.8 × 10 −12 N at 290 V and 3.2 × 10 −12 N at 300 V, while F tot at z = +0.7 mm are about 1.0 × 10 −12 N in both cases. In other words, F tot at z = −0.7 mm is nearly the same as the value at z = +0.7 mm in the V cath = 290 V case, but F tot at z = −0.7 mm is much larger than at z = +0.7 mm in the V cath = 300 V case. Consequently, F ext makes the total force profile become nearly linear at 290 V, but it does not significantly affect the nonlinearity of the total force profile at 300 V.
These calculations imply that T e is critical to the force profile, because figures 3 and 4 demonstrate that F int (z) is affected mainly by T e . The higher T e makes the particle oscillation more nonlinear as shown in figure 2 . However, the electron density n e does not significantly affect the force profile, even though it affects the particle trap position (where F int = 0) as shown in figure 4 .
The quantitative difference in the primary resonance frequency ω 0 can also be explained by figure 4. In the figure, the slope of F int (z) at F int = 0 is larger at V cath = 300 V than at Figure 4. The calculated internal force profiles, F int (= F ion + F elec + F g ), with various T e and n e values at V cath = 280-350 V. In each plot, five curves are shown for the modulated (n e ) mod = 0.6n e , 0.8n e , n e , 1.2n e and 1.4n e , where n e is the measured electron density at each V cath . The three black dots in each plot indicate the forces at z = +0.7, 0, −0.7 mm, respectively. The pressure used in the calculation was 184 mTorr, which was the experimental value. V cath = 290 V. The larger slope means the higher resonance frequency (ω 0 ∝ √ |dF/dz|) in the linear oscillation. Therefore, the F int (z) calculation well explains the difference in the measured ω 0 at low V wire (V wire = 1V, dash dot curve in figure 2 ) between the V cath = 290 V and the V cath = 300 V cases.
While T e was treated as a main variable in the experiments described above, experiments were also performed at different gas pressure at the fixed V cath = 320 V. In [7] , numerical calculations were performed to investigate the gas pressure dependence of the particle oscillation. As shown in figure 7 of [7] , the nonlinearity of the force profile was not affected by the pressure difference, and it was concluded that the primary and the subharmonic resonance peaks were large at low gas pressure due to the low drag coefficient η. In accordance with this calculation, the experimental result depicted in figure 6 shows that the amplitudes of both the subharmonic resonance and the primary resonance were larger and more prominent at lower gas pressure. Since the measured T e difference was not significant (1.95-2.2 eV) in this case, the large amplitudes of the oscillation peaks are attributed to the low neutral drag.
Conclusions
Nonlinear behaviours of the dust particle oscillation have been investigated as the cathode voltage and the gas pressure were varied in dc plasmas. The oscillation spectra of the trapped particles were obtained, and the nonlinear phenomenon of the appearance of the subharmonic resonance peak was studied. The electron temperature and the density dependence of the nonlinear oscillatory motion were discussed.
As the cathode voltage was varied, the oscillation amplitude near the subharmonic resonance was very sensitive to the cathode voltage, while the amplitude around the primary resonance showed a relatively weak dependence. The electron temperature dependence of the oscillation spectra was more dominant than the electron density dependence in our experimental conditions. In addition to the electron temperature dependence, the pressure dependence was also studied. As the pressure was reduced, both the primary resonance and the subharmonic resonance peak increased, and these results agreed well with our previous reports [7] . For further understanding, the numerical calculation of the force profile was performed in the various discharge conditions. The asymmetry of the force profile was significantly affected by the electron temperature. More theoretical studies to find the correlation between these force profiles and the oscillation spectra are needed. The results in this work suggest that the nonlinear oscillatory motion of the particles could be controlled by the electron temperature and the gas pressure.
